The normal duct-lobular system of the breast is lined by two epithelial cell types, inner luminal secretory cells and outer contractile myoepithelial cells. We have generated comprehensive expression profiles of the two normal cell types, using immunomagnetic cell separation and gene expression microarray analysis. The cell-type specificity was confirmed at the protein level by immunohistochemistry in normal breast tissue. New prognostic markers for survival were identified when the luminal-and myoepithelial-specific molecules were evaluated on breast tumor tissue microarrays. Nuclear expression of luminal epithelial marker galectin 3 correlated with a shorter overall survival in these patients, and the expression of SPARC (osteonectin), a myoepithelial marker, was an independent marker of poor prognosis in breast cancers as a whole. These data provide a framework for the interpretation of breast cancer molecular profiling experiments, the identification of potential new diagnostic markers, and development of novel indicators of prognosis.
INTRODUCTION
The terminal duct-lobular unit of the breast, the structure from which the majority of breast cancers arise, is composed of two types of epithelial cells. The inner or luminal cells, which are potential milk secreting cells, are surrounded by an outer basal layer of contractile myoepithelial cells. Most breast carcinomas express phenotypic markers that are consistent with an origin from luminal cells (1) . The biology of normal luminal cells is the key to understanding breast cancer initiation, with genetic alterations occurring in both normal cells and epithelial hyperplastic lesions driving the earliest stages of progression (2) (3) (4) .
Despite the luminal origin of breast tumors, a subset of invasive ductal carcinomas in the breast also express markers specific for myoepithelial cells (5) (6) (7) (8) (9) (10) . Recent studies using cDNA microarray analysis of primary human breast tumors have also identified a basal-like subset of invasive ductal carcinomas (11) based on their patterns of gene expression. These tumors exhibiting a basal phenotype have been reported to have an aggressive phenotype and poorer prognosis for the patient (12) (13) (14) . Although it is interesting to speculate on the cells from which these tumors may be derived, there is little evidence currently to suggest a myoepithelial origin for basal-like breast cancers.
Although tumor expression profiling data have begun to unravel the complexity of breast cancer, corresponding transcriptional studies of the two normal epithelial cell types have lagged behind. Immunomagnetic methods have been developed for large-scale purification of normal human luminal and myoepithelial breast cells from reduction mammoplasty samples, amenable to detailed molecular analysis (15) . We report here the cDNA microarray analysis of separated normal luminal and myoepithelial cells. The objectives of this study were to provide a baseline reference dataset to help understand preexisting and forthcoming tumor expression profiles, to determine whether novel cell-type specific markers can be used for tumor subclassification and for differential diagnosis, and to identify new predictive and prognostic markers that could include potential targets for future therapy. Comparison of the transcriptional profiles of normal adult human luminal and myoepithelial cells does identify novel markers, including some which provide significant prognostic information for primary breast cancers.
MATERIALS AND METHODS

Cell Preparations. Purified populations of ϳ10
7 normal human breast luminal and myoepithelial cells were prepared from individual reduction mammoplasty samples (16) with modifications to enhance purity (15) . Briefly, the different breast cells were immunomagnetically sorted from primary cultures using combined positive magnetic activated cell sorting selection using antibodies against the luminal epithelial membrane marker EMA (rat monoclonal ICR2) and the myoepithelial membrane antigen CD10 (mouse monoclonal DAKO-CALLA clone SS2/36) followed by negative Dynabead selection using mouse monoclonal antibodies against a different myoepithelial cell-surface antigen (Santa Cruz Biotechnology anti-␤-4-integrin clone A9) and another luminal antigen (Dako BerEp-4 Epithelial Antigen).
cDNA Microarray Hybridizations. The cDNA microarrays used in this study were constructed at the Sanger Centre as part of the Ludwig Institute for Cancer Research/Cancer Research UK Microarray Consortium, containing 9,930 sequence-validated cDNA clones representing ϳ6000 unique human gene sequences (see web site for details and protocols). 8 Clone annotation was based on the National Center for Biotechnology Information 34 assembly of the human genome with the Sanger Clone IDs mapping to Ensembl. 9 RNA was prepared according to standard protocols (17) , and preparations from nine luminal and nine myoepithelial samples (four of which were paired samples from the same patient) were individually hybridized against a common breast reference RNA in duplicated dye-swap experiments. The breast reference RNA was created by combining equal quantities of total RNA from the following breast cell lines, MDA-MB-361, MDA-MB-231, MDA-MB-435, BT20, HBL100, GI101, BT474, T47D, MCF7, SKBR3, ZR-75-1, and MDA-MB-468.
Image Processing and Data Analysis. Fluorescent images of hybridized microarrays were captured using either the GenePix 4000 (Axon) dual color confocal laser scanner and GenePix software or a GSI Lumonics 4000 scanner and ScanArray software and quantitated and background subtracted using GSI Lumonics Quantarray 3.0 software. The log expression ratios were normalized using lowess local regression (18) using the statistical platform S-Plus version 6.1 for Windows (Insightful). All raw fluorescence intensity data and microarray image files have been deposited within the public repository for microarray based gene expression data ArrayExpress, 10 complying with minimum infor- mation about a microarray experiment (MIAME) standards (19) , with the accession number E-MEXP-36.
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Genes were filtered from the total set of 9930 by exclusion because of low mean intensity values (Ͻ20 th percentile of highest intensity across all arrays), consistent local artifact, and low mean absolute deviation (Ͻ0.3). This resulted in a filtered gene list of 1896 targets for unsupervised and supervised analysis. Any remaining missing values were imputed using the k-mean nearest neighbor method in Statistical Analysis of Microarrays (SAM).
Unsupervised hierarchical clustering was carried out using "hclust" in S-Plus, as well as the Cluster package, and plotted with Treeview. 11 Differentially expressed genes were identified by application of the SAM (version 1.12) Excel add-in. 12 Supervised analysis was carried by the nearest shrunken centroid classification for class prediction using the Prediction Analysis of Microarrays package, 13 implemented in R (1.6.2).
14 Reverse Transcription-PCR. Ten g total RNA was reverse transcribed from an oligo-dT primer under conventional conditions (Superscript II; Life Technologies, Inc.). The resulting reaction was diluted 10-fold in water, and 2 l were used as a template for PCR amplification. PCR was performed under standard conditions in 50 l for 25-40 cycles (primer sequences and cycle numbers are given in Supplementary Table S4 ). Products were resolved by standard agarose gel electrophoresis. Differential expression was confirmed by densitometry of ethidium bromide staining on conventional agarose gels using NIH Image software.
Immunohistochemistry. Antibodies to differentially expressed genes were obtained commercially where available. Sections were dewaxed in xylene overnight, taken to ethanol (99.7-100% v/v), and blocked for endogenous peroxidase in methanol for 10 min. Sections were subjected to specific high temperature antigen retrieval techniques, blocked in normal horse serum (2.5%; Vector Labs) for 20 min, and primary antibodies applied for 30 min. SPARC was subjected to 2 min of pressure cooking in citrate buffer (pH 6.0), 1/5 dilution (Novocastra); S100A2 received 2 min of pressure cooking, dilution 1/100 (Dako); maspin received 18 min of microwaving in Dako Target Retrieval Solution (pH 6.0), dilution 1/100 (Novocastra); galectin 3 (LGALS3) received 2 min of pressure cooking, dilution 1/750 (Novocastra); CLDN4 received 18 min of microwaving, dilution 1/100 (Zymed); CD24 received 3 min of pressure cooking, dilution 1/100, (Serotech). All antibodies were diluted in Tris-buffered saline. The primary antibodies were rinsed off in 0.1% Tween 20 in Tris-buffered saline, developed using Vectastain Universal ABC kit (Vector Labs) and visualized with 3,3Ј-diaminobenzidine (Dako).
Tissue Microarrays. Breast tumors were selected from the archives of the Istituto di Anatomia Patologica (Sassari, Italy), with appropriate local ethical committee approval. A total of 566 unselected primary breast cancers comprising all grades and types was retrieved and reviewed by an experienced pathologist. Up to 10 years clinical follow-up data were available for all cases (3-110 months, mean ϭ 62 months, median ϭ 73 months). The paraffin blocks were marked and punched with 0.6-mm 2 tumor cores taken from the donor blocks for inclusion in duplicate recipient tissue array blocks using a precision tissue array instrument (Beecher Instruments; Ref. 20) .
Survival analysis was carried out using the statistical platform S-Plus version 6.1 for Windows (Insightful) on our right-censored clinical follow-up data from the cases on the tissue microarray, using the log-rank test and the Cox proportional hazards model.
RESULTS
cDNA Microarray Analysis. The microarray data from normal breast luminal and myoepithelial cells were firstly analyzed in an unsupervised manner to determine the innate differences between the cell preparations and secondly using supervised algorithms to identify the most discriminatory genes associated with each cell types. Using the normalized data from the 1896 gene list, unsupervised hierarchical clustering on the normal breast luminal and myoepithelial preparations was carried out (Fig. 1A) . The sample dendrogram clearly separates two main branches each consisting of one of the two cell types, exemplifying the inherent differences between the two epithelial cell types of the breast and the consistency of the cell separation and microarray analysis methods used. Clustering of the 1896 gene set also identifies luminal and myoepithelial-specific gene clusters, representative regions of which are shown (Fig. 1, B and C) .
A list of statistically significant genes which were differentially expressed between the two cell types were identified using SAM. With a false discovery rate of 1%, 132 myoepithelial and 77 luminal differential genes were found (Supplementary Table S1 ). Expression ratios and SAM scores for the top 50 most differentially expressed genes in each cell type are shown ( Table 1 ). The data were also analyzed by a supervised classification method to identify those genes which are the most predictive of each cell type, using a class prediction algorithm based on the nearest shrunken centroid method (21) . Using Prediction Analysis of Microarrays, a classifier was first trained using the 1896 gene set, before cross-validation and plotting of the cross-validated error curves, to determine the threshold (amount of shrinkage), which gives the minimum cross-validated error rate (Supplementary Figure S2 ). Applying a threshold of 2.7 gives a misclassification rate of 0 using 42 cDNA clones corresponding to 33 unique genes ( Fig. 2A, Supplementary Figure S3) . The cross-validated class probabilities by sample type (Fig. 2B) demonstrate that these 33 genes 11 Internet address: http://rana.lbl.gov/EisenSoftware.htm. 12 Internet address: http://www-stat.stanford.edu/ϳtibs/SAM/. 13 Internet address: http://www-stat.stanford.edu/ϳtibs/PAM/. 14 Internet address: http://www.r-project.org. Confirmation of Differential Expression. To confirm the specific identity and differential expression of our cell type specific markers, semiquantitative reverse transcription-PCR was carried out on the four patient-matched luminal and myoepithelial samples used in our microarray analysis. Differential expression was confirmed for 56 of 62 (90%) genes by reverse transcription-PCR (primers, cycle numbers, and confirmatory data for the 66 unique genes from Table 1 are  given in Supplementary Table S4) .
These genes were next examined at the protein level in paraffinembedded archival samples by immunohistochemistry, where the availability of appropriate antibodies made this possible. Differential luminal expression in normal breast lobules is shown for claudin 4 (CLDN4), CD24, and LGALS3 proteins. CLDN4 staining shows a strong membrane component of luminal epithelial cells consistent with its role in tight junction adhesion and does not stain the basement membrane of these cells (Fig. 3A) . CD24 stains the cytoplasmic compartment of normal luminal epithelial cells as well as the apical cell surface (Fig. 3B). LGALS3 stains the nucleus and cytoplasm of luminal cells differentially compared with myoepithelial cells and also stains intralobular fibroblasts in the breast (Fig. 3C) . Differential myoepithelial expression in normal breast lobules is demonstrated for S100A2, SERPINB5, and SPARC proteins. S100A2 shows a strong nuclear and cytoplasmic staining specifically in the myoepithelial cells, with no expression in the stromal cells (Fig. 3E) . Maspin (SERPINB5) expression is also restricted to myoepithelial cells, with strong nuclear and cytoplasmic staining (Fig. 3F) . Osteonectin (SPARC) stains the cytoplasmic compartment of myoepithelial cells differentially to luminal cells and also stains inter-and intralobular fibroblasts (Fig. 3G) .
Evaluation of Prognostic Significance Using Tissue Microarrays. To evaluate whether the expression of the luminal and myoepithelial markers demonstrated any correlation with prognosis in breast cancer, immunohistochemistry was carried out on a tissue microarray consisting of 566 primary breast tumors of all types and grades for which outcome data in the form of overall survival was available. A summary of the results of univariate analysis is given in Table 2 .
The luminal epithelial maker LGALS3 showed a loss of expression in approximately one-half of all assessable tumors on the tissue microarray, with 213 of 431 cases (49.4%) LGALS3 positive. This loss of expression did not correlate with prognostic outcome in all tumors (P ϭ 0.597); however, when the subcellular localization of LGALS3 was evaluated, tumors with nuclear positivity (9 of 431, 2.1%, Fig. 3D ) showed a statistically significant (P ϭ 0.00895, log-rank test) poorer overall survival than negative cases or those for whom expression was restricted to the cytoplasm (Fig. 4A ). All of these nuclear positive cases were also positive for cyclin D1 (data not shown). There was no correlation between LGALS3 expression and age, grade, size, ER, progesterone receptor, or tumor type (data not shown). In multivariate analysis, loss of LGALS3 expression just failed to reach formal statistical significance as an independent prognostic factor (P ϭ 0.051).
Loss of expression from normal luminal epithelial cells to invasive cancer was also seen for other luminal markers tested. CLDN4 was positive in 245 of 331 tumors (74.0%) and CD24 positive in 126 of 426 tumors (29.6%). Although loss of expression shows a clear association with breast cancer development, neither marker conferred any independent prognostic information, nor were they correlated with age, grade, size, ER, progesterone receptor, or tumor type (data not shown).
The myoepithelial marker osteonectin (SPARC) was found to be positive in 17 of 350 (4.9%) assessable tumor cores (Fig. 3H) . When Kaplan-Meier survival curves for overall survival were plotted, a clear poor prognosis was observed for SPARC-positive tumors. This was found to be statistically significant by the log-rank test in all tumors (P ϭ 0.00844, Fig. 4B ). By multivariate analysis (Table 3) , SPARC was found to be an independent prognostic factor (P ϭ 0.0057, Cox proportional hazards), conferring the highest relative risk of all factors fitted (6.88, 95% confidence interval 1.75-27.04), although the confidence interval is large, given the small number of positive tumors.
Other myoepithelial markers tested showed a proportion of breast tumors expressing these basal proteins. S100A2 was positive in 8 of 443 cases (1.8%), whereas maspin (SERPINB5) was positive in 108 of 333 cases (32.4%). S100A2 conferred no independent prognostic information, and whereas maspin expression appeared to indicate a better overall survival, this did not reach statistical significance (P ϭ 0.092). No association with clinicopathological variables or survival was observed with maspin expression or its subcellular localization.
DISCUSSION
Expression profiling of purified normal luminal epithelial and myoepithelial cells in the breast provides a basis for interpretation of the large amount of microarray data currently being generated for breast tumors. Identification of subclassifications of breast tumors termed basal-like and luminal-like (11) , which differ in their clinical outcome (13) clearly demonstrates the need for accurate determination of the patterns of gene expression in these normal cells of the breast. Our observations of myoepithelial-specific genes such as S100A2, LGALS7, CSTA, and BPAG1 in our cell preparations, which also cluster together to define the basal-like group in these tumor studies (22) , demonstrate the use of such an approach and will help to accurately classify the proposed breast cancer stratifications. Our normal luminal cell preparations are hormone receptor negative, in common with the vast majority of normal luminal epithelial cells in the breast. It is therefore not surprising that there is little overlap between our luminal epithelial profiles and those of the luminal-like tumors in these classifications (11, 13) , which are almost exclusively ER positive and the genes associated with them ER-responsive genes. The cell-type specific expression profiles in the normal breast also provides a baseline for studies investigating breast cancer progression (23) , outcome prediction (24, 25) , and local (26) and distant metastasis (27) .
Our data also help to clarify previous transcriptional studies using human mammary epithelial cells (HMECs) as the normal component. Such cells were derived from cultures of unsorted normal breast epithelium. As it is the myoepithelially derived cells that have the greatest proliferative potential in vitro (28) , HMECs are essentially myoepithelial-like (i.e., basal) in phenotype (29) . Consequently, when HMECs are compared with (luminally derived) breast cancer cells or solid tumors, the markers that emerge as differentially expressed are essentially those represented in our luminal versus myoepithelial lists, rather than specific tumor markers per se, as has been inferred (30) .
Generation of a larger and more accurate panel of markers for differentiating the normal epithelial cell types will have a major impact in patient management. Routine histopathological discrimination of in situ from invasive cancer in the breast uses the retention of the myoepithelial layer as a critical diagnostic criterion, with huge implications for planning appropriate surgery. Improving the differential diagnosis from, for example, small needle core biopsies using novel myoepithelial-specific markers will make an important contribution to clinical practice.
Genes differentially expressed between luminal and myoepithelial cells were also found to confer independent prognostic information for breast cancer patients. Galectin 3 is a gene expressed in normal luminal epithelial but not myoepithelial cells. Galectin 3 is thought to regulate many biological processes and has been associated with ERBB2 expression (31) . Down-regulation of galectin 3 has been implicated in breast cancer progression (32) . Tissue microarray analysis showed that loss of galectin 3 expression by malignant epithelial cells was seen in approximately one-half of all tumors assessed. Of particular interest is the correlation of nuclear LGALS3 expression and poor outcome. Nuclear galectin 3 has been reported to have a growth promoting activity through cyclin D1 induction (33) , and all of these (9 of 431) tumors were also positive for cyclin D1. This observation demonstrates the ability of our approach to identify luminal epithelial-specific markers in the normal breast and use them to monitor breast cancer progression and establish their relationship with patient prognosis.
SPARC (osteonectin) modulates cellular interaction with the extracellular matrix by its binding to structural matrix proteins such as collagen and vitronectin. It was found by our cDNA microarray analysis to be differentially expressed between myoepithelial and luminal cells. Up-regulation of SPARC has been associated with increased invasive potential in breast cancer cells in vitro (34) and has been identified as a breast tumor marker by serial analysis of gene expression analysis (35) . SPARC was found to be positive in malignant epithelial cells in 4.9% of all breast tumors examined in our tissue microarray study. SPARC-positive tumors showed a highly significant poorer overall survival in breast cancer patients by univariate analysis (P ϭ 0.00844) and was an independent prognostic indicator by multivariate analysis (P ϭ 0.0057). Aberrant expression of myoepithelial proteins has been recognized in breast tumors for some time, and data demonstrating poor prognosis of these tumors have largely been associated with ER-and lymph node-negative tumors (13, 14) . Here, we present the identification of a protein expressed in the myoepithelial cells but not the luminal cells of the normal breast and whose expression in breast tumors confers a very poor clinical outcome, regardless of ER or lymph node status.
The clinical use of expanding the list of normal cell-type specific genes not only provides novel diagnostic and prognostic markers but will assist in understanding the multistep progression from epithelial cells to invasive cancer in the breast. Recent studies of breast cancer stem cell phenotypes (36) have identified CD24
-/CD44 ϩ cells as having tumorigenic potential, these markers being associated respectively with normal luminal and normal myoepithelial cells. At the other end of the progression spectrum, among 17 reporter genes associated with metastasis (27) were up-regulation of COL1A1 and down-regulation of MYLK, two of the most discriminant myoepithelial genes in the present study. Collectively, these observations highlight the importance of the normal breast cell expression profiles in understanding breast cancer. They also provide a unique dataset in which targets for future therapeutic intervention may be identified.
